Even small additions of hemp fibres to fabrics result in sig nificantly higher surface resistance and increased heat sorption. The two major retting methods (dew retting and water retting) are used to extract fibbers for industrial uses. Both methods produce fibres of different quality. The results of research, carried out at the Lithuanian Institute of Agriculture, Upytė Experimental Station in 2006-2007, showed that dew retted and water retted hemp fibres differed in appearance. Hemp variety as a factor showed higher impact on physical fibre parameters: fibre content in dew retted and water retted hemp straw, dew retted hemp straw output from hemp stalks, the strength of fibre obtained from dew retted and water retted hemp. Seed rate as a factor did not show any significant influence on physical fibre parameters, and only some trends of higher parameters at higher seed rates could be observed. Statistical evaluation indicated that the year as a factor affected the majority of physical parameters tested. Statistical data processing also showed that the fibre extraction method as a factor had a significant influence on the fibre content in hemp straw in 2006, on the straw output from hemp stalks in 2007, on the fibre content in hemp stalks and hemp fibre flexibility in both years of investigation, on the hemp fibre strength in 2006.
Introduction
The applications of hemp fibres considerably vary and could range from apparel and ornamental fabrics to industrial materials. The long fibre from the stalks can be spun into threads, made into ropes, woven into fabrics, carpets and shoes and made into canvas (Mwaikambo, 2006) . Even small additions of hemp fibres to fabrics result in sig nificantly higher surface resistance and increased sorption heat. When wearing hemp clothes, a human body more easily adapts to changing environmental conditions. In the production of socks the proper ties of inhibiting bacterial and fungal development have practical impor tance (Mańkowski, 2003) . Plant fibres are an excellent alternative resource to synthetic fibres as reinforcement for polymeric materials for the manufacture of cheap, renewable and environmentally friendly composites (Mwaikambo, 2006) .
Hemp fibres are 1-3 cm long (Garcia-Jaldon et al., 1998) , other resources report that the actual cells range from 5 to 55 mm in length (Bengtsson, 2009) . Hemp bast fibres are situated in the bark of the plant (Garcia-Jaldon et al., 1998; Zhang et al., 2008) . Parenchyma cells separate bundles of single fibres from one another. Between the single fibres, there are mainly polysaccharides and lignin, which must be eliminated to obtain fibres (Thygesen et al., 2005) . To extract fibers for industrial uses, stems are retted to separate fiber from non-fiber stem issues. In this process, bast fiber bundles are separated from the core, epidermis, and cuticle and are also separated into smaller bundles (Sharma, 1987; Zhang et al., 2008) .
Generally two retting methods (dew retting and water retting) have been used, both carried out by pectic enzymes secreted by indigenous microflora (Bengtsson, 2009; Mwaikambo, 2006; Zhang et al., 2008) .
In dew retting, stalks are laid on the ground, and pectins are attacked by pectinolytic microorganisms, mainly aerobic fungi (Henriksson et al., 1997) . Dew retting is most popular in Europe although it is strongly dependent on the geographical location, produces coarser and lower quality fibres than those produced using water retting technique (Van Sumare, 1992) .
In water retting, stalks are soaked in freshwater tanks, where a pectinolytic bacterial community is developed (Donaghy et al., 1990) . Water retting may require large amount of clean water and therefore is expensive but results in high quality fibres (Mwaikambo, 2006) . Water retting was the valuable method of choice for many years because of high-quality fiber (Akin et al., 2001; Xu, 2010) . In the mid-1990s water retting was mostly closed in western countries because of the contamination and consumption of the freshwater (Akin et al., 2001) .
Currently, dew retting is the primary process used for the industrial production of bast fibers nevertheless water retting is still carried out in some places (Daenekindt, 2004) .
The references show that the fibre content in hemp stem is dependent on genotype, plant density (seed rate) and development stage of the hemp at harvesting time, and other factors (Amaducci et al., 2005; Sankari, 2000) . Higher bast fibre content in hemp stem is associated with higher plant density and thinner pants (Van der Werf et al., 1994; 1995; Cromack, 1998; Struik et al., 2000; Amaducci et al., 2005) .
The economically optimal plant densities of hemp grown for fibre are higher than the lowest plant density that gives maximum stem dry matter yield because plant density continues to improve stem quality when it no longer increases stem yield. With increasing plant density, bast fibre content in the stem tends to increase and the fineness of the bast fibres improves (Van der Werf et al., 1995) .
Some authors report that there was a strong negative correlation between the fibre content and the fibre quality (Bengtsson, 2009) . Even a 1% increase in fibre content reduced fibre fineness (Bócsa, 1999) .
We found references that the strength of the long fibres, tow and even single fibre cells undergoes a wide variation, which depends on the weather during the growing season, soil type, fertilization and retting (Hoffmann, 1961) . This is why we distinguished the year as a factor, containing the mentioned sub-factors.
The task of our investigation was to verify the hypothesis that higher fibre content and quality could be achieved at higher hemp seed rates (consequently, at higher crop densities), to investigate physical parameters of different fibre hemp varieties, and to compare the results of dew and water retting methods.
Materials and methods
Research was carried out at the Lithuanian Institute of Agriculture, Upytė Experimental Station in 2006-2007. Field experiments. Hemp was grown on an Eutri-Endohypogleyic Cambisol (CMg-n-w-eu) (Buivydaitė et al., 2001 ). In the field rotation hemp followed winter wheat. (Small, Marcus, 2002) . According to some references, the best seed rate when growing hemp for textile purposes is 70-80 kg ha -1 (Bócsa, Karus, 1998 ) while other sources report on 75-80 kg ha -1 or even 50-60 kg ha -1 (growing hemp for seed and fibre) (Svennerstedt, 2002; Grabowska, Koziara, 2005) . A hemp seed rate of 90 kg ha -1 gave too thin stalks (Svennerstedt, 2002) . Research done in Poland indicated that the highest stalk and fibre yield was obtained when sowing hemp at a rate of 120 kg ha -1 , but the best fibre quality was found to be at a seed rate of 90 kg ha -1 (Mańkowski, 2003 ). Hemp was sown by a sowing machine SLN-1.6 "Bezhetskselmash" (Russia), in mid May in the plots of 10 m 2 with three replications. Randomised plot design was used. Protective plots of the same size were sown on both sides of the trial. No pesticides (insecticides, herbicides, desiccants) were used.
Hemp was harvested in the middle of October by a trimmer (leaving the stubble of 5-8 cm) when the first matured seeds appeared. Hemp stalk samples from each plot were taken and dried.
Laboratory analyses. Before starting dew or water retting, technical stalk part from hemp stalks was prepared (cutting away the top part of plant containing panicle and leaves). One part of hemp stalk samples (0.5 kg per plot) was water retted (water temperature 37ºС) for 5 days, the other part (0.5 kg per plot) was dew retted on the grassland for 2-3 weeks; then dry straw was weighed and broken by a laboratory tool LM-5 (VNIIL, All Russia Flax Research Institute), the obtained material was shaken manually until the shives were withdrawn. The obtained fibre was weighed and fibre content in the straw was calculated by the formula: Fcstr = Wf × 100 / Wstr, where: Fcstr -fibre content in the straw (%), Wf -weight of obtained fibre (g), Wstr -weight of straw before scutching (g).
Then the straw output from hemp stalks was calculated: Stro = Wstr × 100 / Ws, where: Stro -straw output from hemp stalks (%), Wstr -weight of straw before scutching (g), Ws -weight of stalks before retting (g).
Later on fiber content in the stalks was recalculated: Fcs = Wf × 100 / Ws, where: Fcs -fibre content in the stalks (%), Wf -weight of obtained fibre (g), Wsweight of stalks before retting (g).
Fibre flexibility was evaluated by a device G-2 (VNIIL, All Russia Flax Research Institute), strength of fibre was measured by a device DK-60 (CNII, Central Research Institute, Russia) (Методики..., 1961) .
Meteorological conditions. The parameters of meteorological conditions (mean air temperature, ºC and rainfall, mm) were recorded by the weather station located in the trial field.
In 2006 and 2007, the period for hemp seed emergence was favourable, but in 2007 later on a lack of precipitation occurred (1 st ten-day period of June) (Figs 1 and 2). In 2006, the drought and warm weather were recorded in June, July, while in 2007 this period was much more abundant in rainfall. The rainfall in June and July is important as it strongly influences the yield (Bócsa, Karus, 1998) . Since hemp roots grow deep, the plants are more tolerant of drought (Barron et al., 2003) . The mean air temperature in August was very similar in both years, but the amount of rainfall differed markedly -in 2006 it was twice as high as the long term average, and in 2007 it was approximately twice as low as the long term average. In September and 1 st ten-day period of October the weather was still warm, later on it became cooler. Hemp dew retting period in 2006 was quite dry (not favourable) weather, in 2007 the amount of precipitation was higher, but the temperature was lower. Some authors have reported, that the layer of the primary fibre cells gets smaller from the beginning of flowering to full seed ripeness, and the layer of the secondary fibres becomes much bigger between the end of flowering and 50% seed ripeness, and it is greatly influenced by the year (Garcia-Jaldon et al., 1998). In our trials, hemp started flowering at the end of Julybeginning of August, and flowered for a very long period, along with seed ripening. The hemp had different climatic conditions for fibre development in both years of investigation.
Statistical analysis. The statistical analyses were made using ANOVA software from the statistical data processing package SELEKCIJA (Tarakanovas, Raudonius, 2003) . Mainly two-or tree-way analysis was applied for statistical data processing.
Results and discussion
Biologically extracted (using dew retting and water retting) hemp fibres differed in appearance. After dew retting, the fibre (Fig. 3) was not very homogenous, had steel-grey and dark-grey colour, contained some dark spots (the residues of dew retting fungi), and included some impurities (woody parts of stem).
After water retting, hemp fibre (Fig. 4 ) also was not very homogenous, had light-grey colour, look softer and more decomposed. Other researchers also found that water retting gave the best fibre quality when visually determining the quality parameters (length, colour and smoothness) (Bengtsson, 2009) . In both years of the investigation, an average fibre content of variety 'Beniko' showed a tendency to be higher than that of variety 'Bialobrzeskie', but only in 2007 the influence of variety as a factor was significant (Table 1) . Seed rate as a factor did not exert any significant influence on the dew retted hemp fibre content in hemp straw. Nevertheless, a tendency of slightly lower fibre content at a seed rate of 55 kg ha -1 for both varieties tested was observed in 2006. In the trials, carried out in Poland, where seed rate, N doses and harvesting time were investigated, seed rate also did not have any influence on fibre content in dew retted hemp sown at different seed rates (60, 90 and 120 kg ha -1 ) (Mańkowski, 2003) . We presented the data of soil fertility and meteorological conditions in the Materials and methods section because this could be an important factor (later on discussed as the composite influence of the year as a factor) affecting the study results. Statistical evaluation showed that the year as a factor influenced the dew retted hemp fibre content in straw (the average fibre content in dew retted hemp straw in 2006 was 22.9% and in 2007 -26.7%), therefore the results averaged over two years cannot be presented. The same (three-factor analysis) calculation showed that the variety as a factor also had significant influence on the dew retted hemp fibre content in hemp straw; the average fibre content for variety 'Beniko' was 26.2% and for variety 'Bialobrzeskie' -23.4%.
The results of our investigation suggest that fibre content in water retted hemp straw was higher than that of dew retted hemp straw and varied from 30.1% to 36.3% in different treatments in 2006, and from 22.6% to 26.8% in 2007. In 2006, the influence of variety as a factor was significant (Table 2) , an average fibre content of variety 'Beniko' was 34.4%, and an average fibre content of variety 'Bialobrzeskie' was 30.8%. Seed rate as a factor in both experimental years did not exert any significant influence on the water retted hemp fibre content in hemp straw; only in 2006 the tendency of insignificantly higher fibre content at higher seed rates could be observed. The influence of the year as a factor was also calculated. The calculation indicated that the year as a factor had significant influence on the water retted hemp fibre content in hemp straw (the average fibre content in water retted hemp straw in 2006 was 32.9% and in 2007 -24.8%), so the averaged data from 2006-2007 could not be presented.
Even with the naked eye we can see differences in the data of dew retted and water retted fibre content in hemp straw. We also calculated the influence of fibre extraction method (dew retting or water retting) as a factor on the data of fibre content in hemp straw. Calculation (threefactor analysis) showed that the fibre extraction method as a factor also had significant influence on the hemp fibre content in hemp straw in 2006 (in 2007 this influence was not significant). The average fibre content in dew retted hemp straw was higher after dew retting process; it was 32.6% while in water retted straw it was 24.8%.
Hemp straw output from hemp stalks. Usually the stems of fibrous plants lose weight during the retting process. The data of hemp straw output from hemp stalks after dew retting or water retting process are not available in the literature sources.
The data from our investigation evidenced that dew retted hemp straw output from hemp stalks was influenced by the variety as a factor, but only in 2006 the differences were found to be significant (Table 3) . Dew retted hemp straw output from hemp stalks ranged from 51.7% to 59.3% in 2006 and from 38.7% to 50.0% in 2007. Seed rate as a factor did not show any significant influence on the dew retted hemp straw output from hemp stalks.
Statistical evaluation showed that the year as a factor affected the dew retted hemp straw output from hemp stalks; therefore the results averaged over two years cannot be presented. The average hemp straw output from hemp stalks in 2006 was 56.1% and in 2007 -46.4%. The same (three-factor analysis) calculation showed that the variety as a factor also had significant influence on the dew retted hemp straw output from hemp stalks; the average straw output for variety 'Beniko' was 48.9% and for variety 'Bialobrzeskie' -53.6%.
Our experimental results show lower water retted hemp straw output from hemp stalks (Table 4 ) when compared to that of dew retted straw. Averaged water retted hemp straw output from hemp stalks varied in the range from 56.0% to 62.0% in 2006 and from 36.0% to 42.0% in 2007. Neither variety (factor A) nor the seed rate (factor B) showed any significant influence on the water retted hemp straw output from hemp stalks, nevertheless the tendency of slightly higher straw output from hemp stalks for variety 'Beniko' could be observed. Statistical evaluation showed that the year as a factor affected water retted hemp straw output from hemp stalks; therefore, the results averaged over two years cannot be presented.
The influence of the fibre extraction method (dew retting and water retting) as a factor was also evaluated. Statistical processing of the data (three-factor analysis) indicated that fibre extraction method as a factor had a significant influence on the hemp straw output from hemp stalks only in 2007. The average straw output from hemp stalks after dew retting was higher (46.4%) than that of water retted straw (38.7%).
Fibre content in hemp stalks. To be able to calculate fibre yield, we need to know fibre content in the stalks. It is possible to calculate it from the data of fibre content in the straw and the data of hemp stalks taken for analyses before starting dew retting or water retting processes.
In 2006, fibre content in dew retted hemp stalks varied from 11.7% to 15.0% in different treatments, and from 11.0% to 14.7% in 2007 (Table 5) . Although the investigations of Cromack (1998) evidenced that genetic differences (variety) had a greater impact on the content of stem bast fibre than stand density, in our trials in both experimental years neither variety as a factor nor seed rate as a factor showed any significant influence on the dew retted hemp fibre content in hemp stalks.
Statistical evaluation showed that the year as a factor did not affect the dew retted hemp fibre content in hemp stalks; therefore the results averaged over two years are presented in Table 6 . The averaged results of two years evidenced the same -neither variety nor seed rate showed any significant influence on the dew retted hemp fibre content in hemp stalks.
Fibre content in water retted hemp stalks was higher than that of dew retted hemp stalks in 2006 and varied from 18.0% to 20.3% in different treatments, but it was rather low in 2007 (because of low water retted straw output in 2007 (Table 6 ) and lower fibre content in water retted hemp straw (Table 3) , and ranged from 9.0% to 10.7% (Table 7) . Water retted hemp fibre content in hemp stalks was not influenced by variety and seed rate tested.
The processed statistical data showed the influence of the year as a factor, so averaged data from 2006-2007 could not be presented.
Calculation (three-factor analysis) showed that the fibre extraction method as a factor had significant influence on the fibre content in hemp stalks in both experimental years. In 2006, averaged hemp fibre content in hemp stalks was lower (12.8%) when applying dew retting method than that when applying water retting (19.2%), but in 2007 the data were opposite -fibre content was higher (12.4%) in hemp stalks when applying dew retting and lower (9.6%) -in hemp stalks when applying water retting. Some more research needs to be done either to confirm or deny the findings of the current study. Table 7 . They show that averaged fibre flexibility for variety 'Beniko' was 20.7 mm, and for variety 'Bialobrzeskie' -20.2 mm. The trend of higher fibre flexibility (as was expected) at higher sowing rates was noticed over all investigation (except for the case in 2007 for 'Beniko' sown at a seed rate of 40 kg ha -1 ), but the differences were insignificant.
Water retted hemp fibre flexibility was higher than that of dew retted, and in 2006 varied from 24.3 to 29.9 mm in different treatments and from 20.4 to 25.5 mm in 2007 (Table 8) . In 2006 and 2007, neither variety nor seed rate showed any significant influence on the water retted hemp fibre flexibility, but a slight trend of more flexible fibre from variety 'Bialobrzeskie' could be observed. Also a tendency of higher fibre flexibility (as was expected) at higher sowing rates was noticed, the differences were insignificant. Processed statistical data showed the influence of the year as a factor, so averaged data from 2006-2007 could not be presented.
The statistical three-factor analysis showed that the fibre extraction method as a factor had significant influence on hemp fibre flexibility in both experimental years. In 2006, averaged hemp fibre flexibility when applying dew-retting method was significantly lower (20.3 mm) than that when applying water retting (26.8 mm). In 2007, the differences in fibre flexibility were smaller. Hemp fibre flexibility when applying dewretting method was 20.6 mm and when applying water retting -23.0 mm.
Fibre strength. In 2006, the strength of fibre obtained from dew retted hemp was approximately twice as low as that in 2007 (Table 9) . In 2006, variety as a factor showed significant influence on the strength of fibre obtained from dew retted hemp -fibre of variety 'Beniko' was less firm (5.1 kg F) than that of variety 'Bialobrzeskie' (6.2 kg F). In 2007, the same trend persisted, but the differences were not significant. In our trials, seed rate as a factor did not show any significant influence on the dew retted hemp fibre strength. Some literature sources report, that the highest strength of homomorphic fibre (33.8 CN tex -1 ) was obtained at the lowest sowing density, 60 kg of seeds per ha (when testing seed rates of 60, 90 and 120 kg ha -1 ) (Mańkowski, 2003) . Our selected seed rates were lower, but the strongest fibre was obtained also at seed rates of 55 and 70 kg ha -1 . Statistical evaluation confirmed that the year as a factor affected the dew retted hemp fibre strength (the average hemp fibre strength after dew-retting in 2006 was only 5.7 kg F and in 2007 -13.4 mm), therefore the results averaged over two years cannot be presented.
The results of our investigation show, that the strength of fibre obtained after hemp water retting was very (Table 10 ). In 2006, the strength of fibre In 2006, variety as a factor had a significant influence on the strength of fibre obtained from water retted hemp. In 2007, the same trend persisted, but the differences were very small and not significant. Seed rate as a factor did not show any significant influence on the water retted hemp fibre strength, but a trend of lower fibre strength at higher sowing rates was noticed.
Statistical evaluation confirmed that the year as a factor affected the water retted hemp fibre strength (the average hemp fibre strength after water retting in 2006 was only 5.2 kg F and in 2007 -13.2 kg F), so the results averaged over 2006-2007 cannot be presented.
Calculation (three-factor analysis) showed that fibre extraction method as a factor also had significant influence on the hemp fibre strength in 2006 (in 2007 the influence was very small and not significant). Although the means were rather close (4.9 kg F for dew retted fibre and 6.0 kg F for water retted fibre), the differences were found to be significant.
Conclusions
1. The seed rate as a factor did not show any significant influence on physical hemp fibre parameters. Some trends of higher parameters at higher seed rates were observed: the trend of insignificantly higher fibre content at higher seed rates; the trend of lower fibre strength at higher sowing rates. The trend of higher fibre flexibility (as was expected) at higher sowing rates was noted throughout the study.
2. The variety as a factor exerted a higher impact on physical hemp fibre parameters (fibre content in dew retted and water retted hemp straw, and dew retted hemp straw output from hemp stalks). The variety as a factor influenced the strength of fibre obtained from dew retted and water retted hemp (in 2006, the influence was significant, and in 2007 -not significant).
3. The year as a factor affected the majority of physical parameters tested, except for the dew retted hemp fibre content in hemp stalks and dew retted hemp fibre flexibility.
4. The fibre extraction method as a factor also had a significant influence on the hemp fibre content in the straw in 2006, on the hemp straw output from the stalks in 2007, on the fibre content in hemp stalks, and on the hemp fibre flexibility in both experimental years, on the hemp fibre strength in 2006.
5. The dew retted and water retted hemp fibres differed in appearance. After dew-retting, the fibre was obtained from water retted hemp was approximately twice as low as that in 2007. This means that the year as a factor had an influence on fibre strength. * -significant at 0.05 probability level not very homogenous, light-grey and dark-grey, contained some dark spots (the residues of dew retting fungus), and included some impurities (woody parts of stem). After water retting, hemp fibre also was not very homogenous, was light-grey and looked softer and more decomposed.
